Most functional magnetic resonance imaging (fMRI) studies in animals are conducted under anesthesia to minimize motion artifacts. However, methods and techniques have been developed recently for imaging fully conscious rats. Functional MRI studies on conscious animals report enhanced BOLD signal changes as compared to the anesthetized condition. In this study, rats were exposed to different concentrations of carbon dioxide (CO 2 ) while conscious and anesthetized to test whether cerebrovascular reactivity may be contributing to these enhanced BOLD signal changes. Hypercapnia produced significantly greater increases in MRI signal intensity in fully conscious animals (6.7-13.3% changes) as when anesthetized with 1% isoflurane (3.2-4.9% changes). In addition, the response to hypercapnia was more immediate in the conscious condition (Ͻ 30s) with signal risetimes twice as fast as in the anesthetized state (60s). Both cortical and subcortical brain regions showed a robust, dose-dependent increase in MRI signal intensity with hypercapnic challenge while the animals were conscious but little or no change when anesthetized. Baseline variations in MRI signal were higher while animals were conscious but this was off set by greater signal intensity changes leading to a greater contrast-to-noise ratio, 13.1 in conscious animals, as compared to 8.0 in the anesthetized condition. In summary, cerebral vasculature appears to be more sensitive to hypercapnic challenge in the conscious condition resulting in enhanced T2* MRI signal intensity and the potential for better BOLD signal changes during functional imaging.
Introduction
Head movement in the field of view or disturbances in magnetic field homogeneity caused by respiration, swallowing and muscle contractions in the face and neck are the major sources of motion artifact in fMRI [1] [2] [3] . While motion artifact is problematic in human imaging studies, it is a major limitation in animal imaging. Animals, unlike humans, must be physically restrained to minimize motion artifacts during an imaging session. Consequently, a majority of animal imaging studies have been done under anesthetized conditions. Unfortunately, anesthesia precludes the investigation of cognitive processes that are critical to the study of the brain and, in addition, anesthesia alters both the cellular and cardiovascular components contributing to the fMRI signal.
Functional MRI is a technique sensitive to the oxygenation status of hemoglobin and therefore produces images that reflect changes in cerebral blood flow and volume. The general anesthetics commonly used in animal fMRI studies depress CNS metabolic activity causing a reduction in basal cerebral blood flow [4, 5] and BOLD signal intensity [6] . Even an anesthetic known to preserve neuronal function, ␣-chloralose, reduces blood flow and metabolism in certain brain regions [7] .
Recently, technologies and methods have been developed for imaging conscious rats [6 -10] and monkeys [12] [13] [14] [15] [16] . Studies comparing conscious vs. anesthetized conditions in the same animal during a single imaging session report a greater BOLD signal change in the conscious condition as compared to the anesthetized state [8, 17] . The enhanced BOLD signal change in conscious animals is most likely due to elevation in cerebral blood flow to areas of activation. Data obtained from laser-Doppler studies show large increases in cerebral blood flow in conscious animals as compared to the anesthetized condition [5] . Enhanced cerebral blood flow in the conscious condition may reflect an increase in cerebrovascular reactivity that is normally depressed with anesthetics [18] . The effect of anesthesia on cerebrovascular reactivity and cerebral blood flow can be studied with MRI and hypercapnic challenge.
Cerebral arterial smooth muscle is very sensitive to the partial pressure of CO 2 in the blood. In the presence of carbonic anhydrase, elevated CO 2 is rapidly hydrated to form carbonic acid and its dissociation products, bicarbonate and hydrogen ions. The local acidic environment enhances the vasodilatory effects of adenosine [19] and increases potassium ion conductance across vascular smooth muscle [20] resulting in a passive dilation of blood vessels, decreased resistance and increased blood flow [21] . Indeed, the BOLD effect is mediated in part by metabolic changes in pH affecting cerebrovascular reactivity. Since hypercapnic challenge does not alter metabolic oxygen consumption [22] the change in T2* MRI signal caused by enhanced cerebral blood flow is directly related to the change in PaCO 2 [23] . Mapping changes in T2* MRI signal in response to hypercapnic challenge is a simple, robust method for assessing cerebrovascular reactivity in functional imaging studies [24] .
In the present study, animals were challenged with gas mixtures of 5% and 10% CO 2 while conscious and anesthetized during a single imaging session. Cerebrovascular reactivity was much greater in the conscious condition as measured by dose-dependent changes in MRI signal to cortical and subcortical brain regions. While baseline signal-to-noise was higher in the conscious condition, the contrast-to-noise ratio of the hypercapnic challenge was equal to and greater than that of the anesthetized state. These findings indicate the enhanced T2* signal observed in conscious animals during hypercapnic challenge is due to increased cereborvascular reactivity.
Methods

Animal preparation
Male Sprague-Dawley rats weighing 200 -300 gm were obtained from Charles River Laboratories (Charles River, MA). Animals were housed in pairs, maintained on 12:12 light:dark cycle (lights on at 9:00 h) and provided food and water ad libitum. All animals were acquired and cared for in accordance with the guidelines published in the Guide for the Care and Use of Laboratory Animals (National Institutes of Health Publications No. 85-23, Revised 1985) .
On the day of imaging, animals (n ϭ 6) were anesthetized with an IM injection of medetomidine, (Domitor®, 1 mg/kg; Pfizer) and ketamine (10 mg/kg) and the femoral artery catheterized. The incision was sutured and treated with 2% lidocaine gel, a topical anesthetic. Following surgery animals were placed into a restrainer consisting of a multiconcentric, acrylic head and body holder with built-in dual coil radiofrequency electronics fitted with a ventilation tube for gas inhalation (Insight Neuroimaging Systems, LLC, Worcester MA). When secured in the restrainer, the anesthesia was reversed with an IM injection of atipamezole (Antisedan®, 5 mg/kg; Pfizer). The duration of metedomidine anesthesia was approximately 30 min. Animals were monitored for pulse oximetry, capnography and respiration for the duration of the experiment. Heart rate was measured with a pulse oximeter. Blood samples (0.1 mL) were drawn prior to and at the end of each imaging trial and analyzed for PaO 2 , PaCO 2 and pH using an I-Stat PCA system (I-Stat Corp). Respiratory rate and the relative force of respiration were collected with a piezo electric force transducer mounted on the animal's thorax that output to an amplified voltage waveform. A mean peak to peak time calculation for baseline and hypercapnic conditions produced the respiratory rate. The respiratory force was calculated as the mean baseline to peak signal change (in volts) and normalized to arbitrary units in order to calculate the percent change between baseline and hypercapnic conditions.
Imaging
Experiments were conducted in a Bruker Biospec 4.7T animal imager with a 20G/cm gradient set. Anatomic, fast spin echo images were acquired once for each animal (TR ϭ 3 s, TE ϭ 48 msec, echo train length ϭ 8, 8 averages, 256 ϫ 256 matrix, 2.7 ϫ 2.7 cm FOV, 2 slices, 1.5 mm slice thickness). BOLD fMRI images were acquired with a twosegment, gradient-echo planar image (TR ϭ 1 s, TE ϭ 25 msec, 128 ϫ 128 matrix, 2.7 ϫ 2.7 cm FOV, 2 slices, 1.5 mm slice thickness). The functional EPI sequence was repeated 100 times with an acquisition time of 2 sec for each repeat. Each of these 100 repetitions took 200 s and constituted an imaging trail. Functional images were collected using the same geometry as the anatomic scan. For the first 50 repetitions, rats inhaled ambient air. For the last 50 repetitions, the air was premixed with 5 or 10% CO 2 (Airgas). The mole fraction of O 2 in these gas mixtures was maintained at 21% by reducing the fraction of N 2 . The presentation of different CO 2 mixtures was counter balanced. At the end of an imaging trial, the CO 2 was turned off and the animals were given 10 min to recover. After 2-3 trials in the conscious condition, animals were anesthetized with 2% isoflurane. Anesthesia was confirmed by a reduction in the breathing rate and the absence of a withdrawal reflex in response to tail pinch. After 2-3 imaging trials, the anesthesia was discontinued. When animals regained consciousness (ca. 5-10 min) 2-3 more trials were conducted followed by a final set of 2-3 trials during anesthesia.
Data analysis
All imaging trials were viewed and assessed for motion artifact. Two of the twenty-three imaging trials during the conscious condition were excluded for animal movement.
The first three repetitions were eliminated from each trial because the acquisition was not at steady state. Using Stimulate [25] , Two regions of interest (ROIs) were defined for each animal (Fig. 1) . One ROI covered all cortical regions above the corpus callosum and outside of the external capsule, while the second encompassed subcortical brain regions below the corpus callosum and inside the external capsule. Mean pixel intensity was calculated using every pixel within the ROI and tabulated for each repetition. Eight of 2100 total repetitions were eliminated from the conscious condition for being more then 6 standard deviations from neighboring repetitions. These single point errors were the result of motion related phase artifacts.
Percent change, risetime, and contrast-to-noise ratios were calculated for each imaging trial. The baseline mean and standard deviation was calculated for the period from repetitions 3-49. The risetime was calculated as the time from repetition 50 until the data reached one standard deviation of the last 10 points in the trial. The hypercapniainduced changes in MRI signal were calculated as the mean of the signal from the end of the risetime until the end of the imaging trial. Data were tabulated for each of the four groups; conscious inhaling 5% CO 2 , conscious inhaling 10% CO 2 , anesthetized inhaling 5% CO 2 , and anesthetized inhaling 10% CO 2 . For each time course, the pixel intensities were normalized by dividing each value by the mean of the baseline. The time courses for all the trials from each condition were averaged. Physiological data were tabulated at time points just before each imaging trial, during the baseline period, and during hypercapnia. Table 1 summarizes the physiological data collected prior to and during the imaging trials for each of the four conditions. There was a significant decrease in blood pH for both conscious and anesthetized conditions during inhalation of CO 2 corresponding to a concentration-dependent increase in PaCO 2 . There was also a significant concentration-dependent, linear increase in the rate of respiration in the anesthetized condition but not the conscious conditions in response to hypercapnia. However, there was a significant increase in the force of respiration in the conscious condition suggesting an increase in tidal volume. This increase in the force of respiration was not observed in the anesthetized condition. The enhanced rate and depth of respiration in the anesthetized and conscious conditions, respectively, in response to hypercapnic challenge was accompanied by an increase in PaO 2 . There was also a significant bradycardia in response to hypercapnia for both conscious and anesthetized conditions.
Results
Physiological measures
MRI data
All conditions showed a significant increase in MRI signal in response to hypercapnia as presented in Fig. 2 . However, there was an ostensible difference in cerebrovascular reactivity between conscious and anesthetized conditions. There was a marked and rapid concentration-dependent increase in MRI signal in the conscious condition that was suppressed with anesthesia. MRI signal increased by an average of 13.3% in response to 10% CO 2 in the conscious condition as compared to an average of 4.9% during anesthesia. The average risetime in MRI signal was more than twice as fast under conscious conditions as compared to anesthetized ( Table 2 ). The contrast-to-noise ratio in the conscious condition was greater with a 10% CO 2 challenge compared to anesthesia. The contrast-to-noise was similar between conscious and anesthetized conditions at 5% CO 2 . Fig. 3 shows the percent change in MRI signal in cortical regions under conscious and anesthetized conditions for different concentration of CO 2 . The MRI signal changes were twice as much in the conscious condition as the anesthetized condition during inhalation of 5% CO 2 . When animals were exposed to 10% CO 2 , this difference increased to nearly threefold. Subcortical regions showed similar response patterns to the different hypercapnic challenges under anesthetized conditions (Fig. 4) .
Discussion
The present study clearly demonstrates a difference in cerebrovascular reactivity to hypercapnic challenge in con- Table 2 Summary of MRI signal changes under conscious and anesthetized conditions. The rate of increase (risetime), and magnitude of T2* MRI signal change (% change) and contrast-to-noise (CNR) is significantly higher in conscious animals for both CO 2 concentrations. Data are presented as mean Ϯ standard deviation (parenthesis). scious and isoflurane anesthetized rats. The enhanced T2* MRI signal in the conscious condition was concentrationdependent, robust and rapid in onset. While there was a significant increase in T2* MRI signal response to hypercapnia in the anesthetized condition, there was no clear dose-dependence to this response. The depressed responsiveness of cerebral vascular smooth muscle to hypercapnia during anesthesia is well documented [18, 26, 27] . However, this is the first study known to date to characterize and quantify changes in MRI signal intensity as a reflection of cerebrovascular reactivity in conscious and anesthetized conditions. As expected, increasing the partial pressure of CO 2 in blood by inhalation of 5% and 10% CO 2 gas mixtures caused a concentration-dependent decreased in pH under conscious and anesthetized conditions. As a volatile acid, CO 2 reduces blood pH under hypercapnic conditions. What was unexpected was the low baseline pH of 7.25 for the conscious condition as compared to normal pH of around 7.4 for a rat [28] . In the anesthetized condition, the blood gases and respiratory rate suggest hypoventilation and respiratory acidosis as contributing to the low baseline pH of 7.13. However, the normal PaCO 2 value and respiratory rate exclude hypoventilation as the cause of the low pH in the conscious condition. Most likely, the low pH is caused from the medetomidine-ketamine anesthetic. While studies in dogs [29 -31] , and rabbits [32] have shown similar decreases in blood pH following administration of medetomidine or medetomidine/ketamine, the precise mechanism for this anesthetic induced low pH is unknown. While bicarbonate was not measured in the present study, any decrease in this ion could contribute to a metabolic acidosis. Indeed, dogs given a threshold dose of 40 g/kg of medetomidine show a rapid reduction in arterial blood bicarbonate with a modest metabolic acidosis [31] .
5%
The baseline rate of respiration was markedly different between the conscious and anesthetized conditions. In general, anesthetics like isoflurane reduce minute volume by reducing the rate and depth of respiration [33] as confirmed in this study. In the conscious condition, the respiratory rate of 96 breaths/min is on the high end of the normal range and is probably associated with the stress of the imaging protocol. In addition, the modest medetomidine-induced metabolic acidosis in the presence of a PCO 2 of 38 mmHg would be expected to enhance the rate and depth of respiration as predicted from PCO 2 /ventilation response studies [34] . Hypercapnic challenged affected respiration differently in the conscious and anesthetized conditions. In the conscious condition there was an increase in force of respiration while in the anesthetized condition there was an increase in respiratory frequency. These different responses to hypercapnic challenge probably reflect the most efficient way of increasing alveolar ventilation for each condition. For example, increasing tidal volume as suggested by the increased force of respiration is the more efficient way of increasing alveolar ventilation for the conscious condition given the high baseline respiratory frequency. Conversely, in the anesthetized condition increasing the frequency of respiration in the presence of a very low baseline rate is the more efficient way of increasing alveolar ventilation.
Hypercapnia caused a decrease in heart rate in both the conscious and anesthetized conditions. This reactive bradycardia is reported in both clinical and preclinical studies [35] [36] [37] [38] . Presumably, hypercapnic stimulation of the peripheral chemoreceptors, carotid and aortic bodies leads to an increase in sympathetic tone and peripheral resistance followed by a baroreceptor mediated increase in vagal activity and decrease in heart rate [37, 39] .
Conscious vs. anesthetized-implications in functional imaging
The enhanced cerebrovascular reactivity demonstrated in this study in the conscious condition would predict greater BOLD signal changes during functional imaging as compared to animals studied under anesthesia. This prediction is consistent with data reported in the few other functional imaging studies of conscious animals. Specifically, Lahti [6] and coworkers examined changes in BOLD signal intensity in response to foot shock in conscious and propofol anesthetized rats. The greatest increases in BOLD signal in the somatosensory cortex occurred in the conscious condition. Indeed, the BOLD signal changes were 4 -5 times greater in the conscious versus the propofol anesthetized condition. Furthermore, the areas of activation in the contralateral and ipsilateral somatosensory cortices were greater in the conscious condition suggesting a more complex response pattern. These findings related to foot-shock induced cortical activation were corroborated by Peeters [17] et al. in conscious curarized and ␣-chloralose anesthetized rats.
While there is a definite advantage to imaging conscious animals both from the standpoint of broader experimental applications and enhanced BOLD signal there are still the concerns of higher noise levels and complications with stress that are minimized or eliminated with anesthesia. While noise levels are a major concern with fMRI studies, signal change and contrast-to-noise are the final determinates of whether a significant change is detected during activation.
Functional MRI relies on the detection of BOLD changes in regions in order to imply activation within that region. Anesthesia is commonly utilized to reduce the baseline noise in order to better detect functional changes on the order of a several percent. In these studies, as expected, base line noise was higher in the conscious condition (2-3%) as compared to anesthesia (1-2%), making signal changes of a few percent undetectable. Despite the presence of higher physiological noise, mostly likely caused by muscle movement around the head and neck, there was a higher contrastto-noise ratio in the conscious condition particularly with 10% CO 2 challenge. This would suggest that the enhanced BOLD signal accompanying robust increases in brain activity that occur with electric shock and intense emotion like fear and sexual arousal would easily exceed baseline noise of 2-3%. Indeed, conscious rats exposed to stimulation via foot shock [6] or fear from exposure to the odors of a predator [10] show increases of BOLD signal from 10 -15%. Conscious marmoset monkeys imaged during sexual arousal induced by odors of novel receptive females show BOLD signals changes of 7-8% [13] . Whether these robust changes in BOLD signal would occur in more subtle experimental paradigms like simple cognitive tasks is unknown.
Conclusion
These data confirm the feasibility of fMRI studies in fully conscious animals. The increased responsiveness to carbon dioxide seen in conscious animals suggest that the cerebrovasculature of these animals is more sensitive to the factors that contribute to BOLD signal during neuronal activity. The benefits of studying conscious animals; increased BOLD signal, increased contrast to noise, higher orders of sensory input and cognition etc, seem to encourage the further use of conscious animals in fMRI studies.
